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Abstract

The growing gap betweensustainedcand peakperformancedor scienti ¢ applicationshasbecomea well-knovn
problemin high performancecomputing. The recentdevelopmentof parallelvector systemsoffers the potentialto
bridgethis gapfor asigni cant numberof computationasciencecodesanddeliverasubstantiaincreasen computing
capabilities.This paperexaminesthe intranodeperformancenf the NEC SX6 vectorprocessoandthe cache-based
IBM Pawver3/4 superscalaarchitecturesacrossa numberof key scienti c computingareas. First, we presentthe
performancenf a microbenchmarlsuite that examinesa full spectrumof low-level hardware characteristicsNext,
we studythebehaior of the NAS ParallelBenchmarkaisinga variety of optimizationschemesFinally, we evaluate
the performancef severalnumericalcodesfrom key scienti ¢ computingdomains.Overall resultsdemonstrat¢hat
theSX6 achieveshigh performancenalargefractionof our applicationsuiteandin mary casesigni cantly outper
formsthe RISC-basedrchitecturesHowever, certainclasse®f applicationsarenot easilyamenablédo vectorization
andwould likely requireextensie reengineerin@f bothalgorithmandimplementatiorto utilize the SX6 effectively.

1 Intr oduction

The rapidly increasingpeak performanceand generalityof superscalacache-basednicroprocessorsong led re-
searchergo believe that vector architecturesold little promisefor future large-scalecomputingsystems. Due to
their costeffectivenessan ever-growing fraction of today's supercomputeremploy commoditysuperscalaproces-
sors, arrangedas systemsof interconnectedSMP nodes. However, the growing gap betweensustainedand peak
performancdor scienti®capplicationson suchplatformshasbecomewell-known in high performanceomputing.

Therecentdevelopmenbf parallelvectorsystemsffersthepotentialto bridgethis gapfor a signi®cantnumberof
scienti®ccodesandto increasecomputingpaver substantially This washighlighteddramaticallywhenthe Japanese
EarthSimulatorSystems [2] resultswerepublished 18, 19, 22]. The Simulator basedon NEC SX6! vectortecnol-
ogy, provides®ve timesthe LINPACK performancewith half the numberof processorsf the IBM SP-basedSCI
White, oneof theworld's mostpowerful supercomputerguilt, usingsupescalartechnology[7]. More importantthan
peakperformancehowever, is whatthis new capabilityentailsfor scienti®ccommunitieghatrely on modelingand
simulation. It is thereforecritical to evaluatethesetwo microarchitecturabpproachei the context of demanding
computationaalgorithms.

We comparegheperformancef the NEC SX6 vectorprocessongainsthe cache-basetBM Powver3andPaover4
architecturedor several key scienti®c computingareas. We begin by evaluatinglow-level systemcharacteristics
usingmicrobenchmarksSpeci®cally we measuranemorybandwidthfor variousdataaccespatternsjnterprocessor
MPI communicatiorspeedsand OpenMPthreadoverheads Next, we evaluatesix of the well-known NAS Parallel
BenchmarkgNPB) [13]. Finally, we presentperformanceresultsfor numericalcodesfrom scienti®c computing
domainsjncludingastrophysicsiusionenegy, materialsscience,uid dynamicsandmoleculardynamics.Our tests
encompasa wide spectrunof algorithms,andmultiple programmingoaradigmsandparallelizationstrateyies. Since
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mostmodernscienti®ccodesarealreadytunedfor cache-basedystemswe examinethe effort requiredto portthese
applicationgo the vectorarchitecture We focuseon serialandintranodeperformancef our applicationsuite,while
isolatingprocessoandmemorybehavior. Futurework will explorethe behaior of multi-nodevectorcon®gurations.

2 Architectural Speci cations

We brie y describethe salientfeaturesof the threeparallelarchitecturegxamined. Table 1 presentsa summaryof
theirintranodeperformanceharacteristicsNoticethatthe NEC SX6 hassigni®cantlyhigherpeakperformancewith
amemorysubsystenthatfeaturesa dataratean orderof magnitudehigherthanthe IBM Power3/4systems.

Node | CPU/| Clock Peak Memory BW Peak MPI Lateng
Type | Node | (MHz) | (G ops/s) (GBI/s) Bytes/Flop (usec)

Pover3 | 16 375 15 0.7 0.45 8.6
Pover4 | 32 1300 5.2 2.3 0.44 3.0
SX6 8 500 8.0 32 4.0 2.1

Tablel: Architecturalspeci®cation®f the Paver3,Pover4,andSX6 nodes

2.1 Power3

TheIBM Paover3was®rst introducedin 1998aspartof the RS/6000series.Each375MHz processocontainstwo
FPUsthat canissuea multiply-add (MADD) per cycle for a peakperformanceof 1.5 GFlops/s. The Paver3 hasa
shortpipeline of only threecycles, resultingin relatively low penaltyfor mispredictecbranches.The out-of-order
architectureusesprefetchingto reducepipeline stallsdueto cachemisses.The CPU hasa 32KB instructioncache
anda 128KB 128-way setassociatie L1 datacacheaswell asan 8MB four-way setassociatie L2 cachewith its
own private bus. EachSMP nodeconsistsof 16 processorgonnectedo main memoryvia a crossbar Multi-node
con®gurationarenetworkedvia theIBM Colory switchusinganomega-typetopology

The Power3 experimentsreportedin this paperwere conductedon a single Nighthavk 1l nodeof the 208-node
IBM pSeriesystem(namedSeabog) runningAlX 5.1andlocatedat LawrenceBerkeley NationalLaboratory

2.2 Power4

ThepSeries690SMP nodeis thelatestgeneratiorof IBM' s RS/6000series Each32-way SMP consistof 16 Pover4
chips(organizedas4 MCMs). A chip containstwo 1.3 GHz processorores. Eachcore hastwo FPUscapableof a
fusedMADD percycle, for a peakperformanceof 5.2 G ops/s. Two load-storeunits, eachcapableof independent
addresgyenerationfeedthe two doubleprecisionMADDers. The superscalaout-of-orderarchitecturecan exploit
instruction-level parallelismthroughits eightexecutionunits. Up to eightinstructionscanbe issuedeachcycle into
a pipeline structurecapableof simultaneouslysupportingmore than 200 instructions. Advancedbranchprediction
hardwareminimizesthe effectsof therelatively long pipeline(six cycles)necessitatetly the high frequeny design.

The Pawver4 storagehierarchyhasthreelevels of cache,plus main memory Eachprocessorcontainsits own
private L1 cache(64KB instructionand 32KB data)with prefetchhardware; however, core pairs sharea 1.5MB
uni®ed L2 cache. Certaindataaccesgatternsmay thereforecauseL2 cachecon icts betweenthe two processing
units. Thedirectoryfor the L3 caches locatedon-chip,but the memoryitself residesoff-chip. ThelL3 is designedas
astandalon82MB cachepr to be combinedwith otherL3s onthesameMCM to createa largerinterleaved cacheof
up to 128MB. Multi-node Powver4 con®gurationsare currently available employing IBM' s Colory interconnectput
futurelarge-scalesystemswill usethelower latengy Federatiorswitch.

The Paver4 experimentgeportedherewereperformedon a singlenodeof the 27-nodelBM pSeries690 system
(“Cheetah™runningAlX 5.1andoperatedy OakRidgeNationalLaboratory Theexceptionwasthe OVERFLOW-D
code,whichwasrun on a 64-processosystemat NASA AmesResearciCenter

2.3 SX6

The NEC SX6 vectorprocessousesa dramaticallydifferentarchitecturalapproachthan more corventionalcache-
basedsystems.Vectorizationexploits regularitiesin the computationaktructureto expediteuniform operationson



independentatasets. Vectorarithmeticinstructionsinvolve identicaloperationn the elementof vectoroperands
locatedn thevectorregister®le. Many scienti®ccodesallow vectorizationsincethey arecharacterizedy predictable
®ne-graindata-parallelisnthatcanbeexploitedwith properlystructuredgorogramsemanticandsophisticatedompil-
ers. The500MHz SX6 processocontainsan8-way replicatedvectorpipe capableof issuingaMADD eachcycle, for
apeakperformancef 8 G ops/s perCPU.Theprocessorsontain72 vectorregisters,eachholding256 64-bitwords,
for a vectorlengthof 256 elements.Thus,algorithmsthancanbe structuredo expressdataparallelismin blocksof
256 elementsanmosteffectively utilize the SX6 vectorinfrastructure.

For non-\vectorizablénstructionsthe SX6 containsa 500 MHz scalarprocessowith a 64KB instructioncachea
64KB datacacheand128general-purposeegisters.The 4-way superscalaunit hasa theoreticalpeakof 1 G ops/s
andsupportdranchprediction,dataprefetchingandout-of-orderexecution.Sincethe SX6 vectorunitis signi®cantly
morepowerful thanthe scalarunit, it is critical to achieve high vectoroperationratios, eithervia compilerdiscovery,
or explicitly throughcode(re-)organization.

Unlike mostcorventionalarchitecturesthe SX6 vectorunit lacksdatacachesInsteadof relying on datalocality
to reducememoryoverheadmemorylatenciesaremasked by overlappingpipelinedvectoroperationsvith memory
fetches. The SX6 useshigh speedDDR SDRAM, with peakbandwidthof 32GB/sper CPU: enoughto feed one
operandper cycle to eachof the replicatedpipe sets. Each SMP containseight processorghat sharethe nodes
memory The nodescanbeusedashuilding blocksof large-scalenultiprocessosystemsCurrentlytheworld's most
powerful supercomputethe EarthSimulator[2], containg640 SX6 nodes connectedhrougha single-stagerossbar

Thevectorresultsin this papemwereobtainedon asingle-nodg8-way) SX6 system(“Rime”) runningSUPER-UX
attheArctic Region Supercomputin@enter(ARSC) of the Universityof Alaska.

3 Micr obenchmarks

This sectionpresentshe performancef amicrobenchmarlsuitethatmeasurea full spectrunof low-level hardware
characteristicsincluding memory subsystermbehaior and scatter/gathehardware support(using STREAM [6]);

point-to-pointcommunicationnetwork contention andbarriersynchronizationgusingPMB [4]); andreductionop-
erationandthreadcreationoverheadusingeEEPC[10]).

3.1 Memory AccessPerformance

First we examinethe low-level memorycharacteristicef the threearchitecturesn our study Table2 presentaunit-
stridememorybandwidthbehaior of thetriad summatiorusingthewell-known STREAMbenchmar6], represented
as: . Additionally, the table shavs the percentagelegradationin performancewith increasing
numbersof processorsisolatingmemorycontentioncharacteristicsThe STREAM benchmarleffectively captures
the peakbandwidthof the architecturesand shavs that the SX6 achiezesabout14X and 48X the performanceof
the Paver3 and Power4, respectiely, on a single processar Notice alsothat the SX6 shavs negligible bandwidth
degradatiorfor upto eighttaskswhile the Pover3/4degradeby almost50%for fully paclkednodes.

Our next experimentconcernsthe speedof strided dataaccess. Figure 1(a) presentsour resultsfor a 64MB
memorycopy usingvariousmemorystrides. Onceagain,the SX6 shavs good bandwidth,up to two
(three)ordersof magnitudebetterthanthe Paver4 (Paver3), while shaving markedly lessaveragevariationacross
the rangeof stridesstudied. Obsene that certain stridesimpact SX6 memorybandwidthquite pronouncedly by
an order of magnitudeor more. Analysis shaws that stridescontainingfactorsof two worsenperformancedueto

Power3 Powver4d SX6
MB/s | Degradation| MB/s | Degradation| MB/s | Degradation

1 661 0% 2292 0% 31900 0%
2 661 0% 2264 1.2% 31830 0.2%
4 644 2.6% 2151 6.2% 31875 0.1%
8 568 14.1% 1946 15.1% 31467 1.4%
16 | 381 42.4% 1552 32.3%

32 1040 54.6%

Table2: STREAM triad performancéin MB/s) andbandwidthdegradation
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Figurel: Performancef (a) 64MB memorycopy usingvariousdatastridesand(b) MPI send/receie usingvarious
messagsizes.

increasedRAM bankcon icts. Onthe Power3/4a precipitousdropin datatransferateoccursfor smallstrides,due
to lossof cachereuse.Thisdropis morecomplex onthe Power4,dueto its morecomplicatedcachestructure.

Finally, Table3 presentshe memorybandwidthof indirectaddressinghroughavectorgatheroperatiorof various
sizes: , Where is a permutationof theindicesof . The unit stride performancds alsoshavn
for comparison. For smallerdatasizes,the cache-basedrchitectureshown betterdataratesfor indirect accesgo
memory However, for larger datagathersthe SX6 is ableto utilize its hardware gather/scattesupporteffectively,
outperformingthe cache-basesystems.

Data Power3 Power4 SX6

Size | Gather| Unit Stride | Gather| Unit Stride | Gather| Unit Stride
16KB 2546 3110 8182 9176 1088 1218
256KB 756 2060 3438 9944 7172 13128
32MB 364 438 2828 3460 7924 30060

Table3: Memorybandwidth(in MB/s) for irregularandunit stridecopy

3.2 MPI Performance

Messagepassingis the mostwide-spreachrogrammingapproachor high-performancearallel systems.The MPI
library hasbecomethe de factostandardor messageassing.It allows intra- andinter-nodecommunicationsthus
obviating the needfor hybrid programmingschemedor distributed-memorysystems.Although MPI increasesode
compleity comparedwith shared-memoryprogrammingparadigmssuchas OpenMR its bene®tslie in enhanced
performancéor coarse-grainedommunicationandimplicit synchronizatiorthroughblockingcommunication.

8192Bytes 131072Bytes 524288Bytes 2097152Bytes
Pawver3 | Power4 | SX6 | Power3 | Pover4 | SX6 | Pover3 | Paver4 | SX6 | Paver3 | Power4 | SX6
2 143 515 1578 408 1760 | 6211 508 1863 | 8266 496 1317 | 9580
4 135 475 1653 381 1684 | 6232 442 1772 | 8190 501 1239 | 9521
8 132 473 1588 343 1626 | 5981 403 1638 | 7685 381 1123 | 8753
16 123 469 255 1474 276 1300 246 892
32 441 868 592 565

Table4: MPI send/recsaie performancein MB/s) for variousmessagsizesandprocessocounts

Figure1(b) andTable4 presenbandwidth®guresobtainedusingthe PallasMPI Benchmark PMB) suite[4], for



exchnagingntranodemessagesf varioussizes.The®rst setof threeplotsin Fig. 1(b) (the®rstrow in Table4) shovs
the best-casscenariowhenonly two processorsvithin a nodecommunicate Notice thatthe SX6 hassigni®cantly
betterperformanceachiezing morethan27X (8X) the bandwidthof the Pover3 (Paver4),for the largestmessages.
The secondsetof plots shavs the effectsof network contentionwhenall processorsvithin eachSMP areinvolved
in exchangingmessagesOnceagain,the SX6 substantiallyoutperformsthe Paver3/4architecturesFor example,a
messageontaining524288( ) bytes,suffers 46% (68%) bandwidthdegradationwhenfully saturatinghe Pover3
(Power4),but only 7% onthe SX6 (seeTable4).

Table5 shows the overheadof MPI barriersynchronizatior(in - sec). As expected the barrieroverheadon all
threearchitecturesncreasesvith the numberof processorsFor the fully loadedSMP testcase,the SX6 has3.6X
(1.9X) lower barriercostthanthe Paver3 (Pawer4); however, for the eight-processaestcase the SX6 performance
degradegrecipitouslyandis slightly exceededy the Paver4.

| | Power3 | Pawver4 [ SX6 |

2 17.1 6.7 5.0
4 31.7 12.1 7.1
8 | 54.35 19.8 | 22.0
16| 79.08 | 28.92

2 42.38

w

Table5: MPI synchronizatioroverheadin sec)

3.3 OpenMP Performance

Shared-memorparallelprogrammings often muchsimplerthanmessage-passinginceeachprocessohasglobal
accesdo all memory Shared-memoryparallelism—withOpenMPthe de facto standard—igyenerallyachieved by
insertingcompilerdirectvesinto the codeto distribute loop iterationsamongthe processesT his sectionexplorestwo
source®f overheadassociatetvith OpenMPconstructsthreadspavningandreductions Thecostof theseoperations
depend®n theunderlyinghardware,aswell ason theimplementatiorof the OpenMPrun-timelibrary.

Table6 presentsheOpenMPoverheadin sec)of thethreearchitectureshasednthebenchmarlsuitedeveloped
atEEPC[10]. For threadcreation the SX6 hasthelowestoverheadvhile suffering theleastperformancelegradation
with increasinghumbersof processorsThe scalarsumreductionexperimentshavs thatthe Paver4 is fastestfor up
to eightprocessorsHowever, whenusingall the processorsf the node,the SX6 onceagainoutperformshe Pover3
andPower4,by factorsof 2.5and6.3, respectiely.

ThreadSpavning ScalarReduction
Pawver3 | Pover4 | SX6 | Pover3 | Paver4 | SX6
2 355 345 | 240| 37.8 16.3 | 24.0
4 371 35.6 | 243 | 40.6 173 | 24.3
8 42.9 375 | 25.2| 514 199 | 253
16 | 1325 54.9 64.2 38.1

2 175.5 158.3

w

Table6: OpenMPoverheadgin sec)for spavningthreadsandsumreduction

Our overall microbenchmarkingesultsdemonstrateéhat for low-level programconstructsthe specializedSX6
vector hardware signi®cantly outperformsthe commaodity-baseduperscaladesignsof the Pover3/4 architectures.
Additionally, the SX6 consistentlyshaved little degradationin performancewith increasinghumbersof processors.
Unfortunatelythe samewasnotgenerallytruefor the Pover3/4,wherethe perprocessoperformancenfully loaded
SMP nodegdeterioratedigni®cantly

4 Scientic Kernels: NPB

TheNAS ParallelBenchmarkgNPB) [13] provide agoodmiddle groundfor evaluatingthe performancef compact,
well-understoodapplications. The NPB were createdat a time when vector machineswere considerecho longer



costeffective, and althoughtheir performancewvas meantto be good acrossa whole rangeof systemsthey were
written with cache-basedystemsan mind. Herewe investigatethe work involvedin producinggood NPB vector
code (Paver3/4 resultswill be includedin the ®nal paper). Of the eight publishedNPB, we selectthe six most
appropriatefor our currentstudy: MG, a multi-grid kernelwith trivial datadependenciebut non-unitstridewhen
exchangingsolutionsbetweerdifferentgrids; CG, a sparse-matrixonjugate-gradierdlgorithmmarked by irregular
strideresultingfrom indirect addressingfT, an FFT kernel; BT and SR synthetic o w solversthat featuresimple
recurrencen a differentarrayindex in threedifferentpartsof the solutionprocessandLU, a synthetic o w solver
thatfeaturesamorecomplicatedecurrencen multiple arrayindicessimultaneously

We presentuni-processoperformanceesultsfor thesecodeson the SX6 for three(increasing)problemsizes,
commonlyreferredto asClassesA, B, and C, andthreevariationsof vectorperformanceuning: default compiler
ags (FLAG), compilerdirectives(DIR), actualcodechangegMOD). Theresultsof theseexercisesare presentedn
Table7. Dittos () indicatethatperformanceemainecdessentiallythe sameafteradditionaloptimization.

| Tuning | Class| MG | CG | FT | SP | BT [ LU |

A [200]0.329] 0.411] 1.71] 0.345] 0.481
FLAG | B | 1.97| 0.414| 0.423| 2.48| 0.355| 0.743
C | 2.52]0.490] 0.398] 3.10| 0.350 | 0.741
A | - " " 192 [ -
DR [ B | =~ " " 215 [
c | " " 237 ¢
A | - | 147 | v | 270 =
MOD [ B | * 197 | v | 312 |
c | 194 [ v | 429 -

Table7: NAS ParallelBenchmarkssX6 uni-processoperformancedin G ops/s)

Evidently, the SPand MG codesvectorizefully without userintervention, despitethe fact that someSP loop
nestsfeaturerecursionsn theinnermostioop. Thesegetrecognizedoroperlyby the compiler which appliesa loop
interchangeLU could have beenimprovedif a major coderestructuringhadbeenattemptedhatwould have turned
atriple-loop recurrencento single-looprecurrencgwavefont method). Althoughthe CG codefully vectorizesand
exhibitsfairly longvectorlengths performances notvery gooddueto mary bankcon icts resultingfrom theindirect
addressingFT did not performwell in its original form, becausehe computationsvereblocked, with a ®xed block
lengthof 16 words. Adding compilerdirectivesdid not help. But oncethe codewasmodi®edto usea blockinglength
equatto thesizeof thegrid (only threelineschanged)performancémprovedmarkedly dueto increasedectorlength.

BT is the mostinterestingcase. The basecodeperformedpoorly becausesubroutinesn inner loopsinhibited
vectorization. Also, someinner loops of small ®xed length were vectorized,leadingto very short vector length.
Compiler ags enablingsubroutineinlining and expansionof smallloopsled to completevectorization but did not
improve performance This wasbecausehe expand ag wasignoredby the compilerin crucial partsof the code.
Insertinganexpand directive atthe properlocationdid nothelp either Expandinghe smallloopsby hand however,
led to long vectorlengthsthroughouthe code,andgoodperformancgémorethan50% of peakfor ClassC).

5 Application PerformanceMetrics

Six applicationdrom diverseareasn scienti®ccomputingwerechoserto measureandcomparehe performancenf

the SX6 with thatof the Powver3andPawer4. Theapplicationsare: CactusanastrophysicgodethatsolvesEinsteins

equations;TLBE, a fusion eneryapplicationthat performssimulationsof high-temperaturglasma;PARATEC, a

materialssciencecodethat solves Kohn-Shamequationgo obtainelectronwavefunctions;OVERFLOW-D, a CFD

productioncodethat solvesthe Navier-Stokesequationsaroundcomplex aerospaceon®gurationsGTC, a particle-
in-cell approacho solve the gyrokineticVlasov-PoissorequationsandMindy, asimpli®edmoleculardynamicscode
thatusesthe Particle MeshEwald algorithm.

Performanceesultsarereportedn M ops/s perprocessqgrexceptwheretheoriginal algorithmhasbeenmodi®ed
for the SX6 (thesearereportedaswall-clock time). Flopsareobtainedwith thehpmcount tool onthe Pover3/4and
ftrace ontheSX6. Additionally, to characterizevectorizationbehaior, we shav the average vectorlength (AVL)
andthevectoropemtionratio (VOR) of the SX6.



Figure2: Visualizationfrom arecentCactussimulationof anin-spiralingmemgerof two blackholes.

6 Astrophysics: Cactus

One of the most challengingproblemsin astrophysicss the numericalsolution of Einsteins equationsfollowing
from the Theoryof GeneralRelatvity (GR): a setof couplednonlinearhyperbolicandelliptic equationscontaining
thousand®f termswhenfully expanded.The Albert Einsteinlnstitutein PotsdamGermaly, developedthe Cactus
code[1] to evolve theseequationsstablyin 3D on supercomputerd simulateastrophysicaphenomenavith high
gravitational ux es,suchasthe collision of two black holes(seeFigure 2) andthe gravitational wavesthat radiate
from thatevent.

6.1 Methodology

Thecoreof the Cactussolveruseshe ADM formalism;alsoknown asthe3+1form. In GR,spaceandtime forma4D
space(threespatialandonetemporaldimension)that canbe slicedalongarny dimension.For the purposeof solving
Einsteins equationsthe ADM solver decomposethe solutioninto 3D spatialhypersurbceshat representifferent
slicesof spacealongthe time dimension. In this formalism, the equationsare written asfour constraintequations
and 12 evolution equations.The evolution equationscan be solved usinga numberof differentnumericalmethods
includingstaggeredtkapfrog,McCormack Lax-Wendrof, anditerative Crank-NicholsorschemesA “lapse”function
describeghetime slicing betweerhypersurficesfor eachstepin the evolution. A “shift metric” is usedto move the
coordinatesystemat eachstepto avoid beingdravn into a singularity Thefour constrainequationsareusedto select
differentlapsefunctionsandtherelatedshift vectors.

For performancevaluationwe focusedon two differentimplementationsf thecoreCactusADM solver. The®rst
benchmarlapplicationusesthe Fortran77-basedDM kernel(BenchADM[8]), written whenvectormachinesvere
morecommon;consequentliywe expectit to vectorizewell. BenchADMis computationallyintensive, involving 600
ops pergrid point. The secondCactusADM kernel(BenchBSSN9]) is a newer solver, written using F90 syntax.
BenchBSSNwasdevelopedspeci®callyfor microprocessebasedarchitecturesit hasfeaturessuchasmoreintense
useof conditionalstatementén innerloopsthat may degradeperformanceon vectorarchitecturesln both kernels,
theloop body of the mostnumericallyintensve part of the solver is large (several hundredlines of code). Splitting
this loop provided little or no performanceenhancementas expected,dueto little register pressuren the default
implementation.

6.2 Porting Details

BenchADMvectorizedalmostentirely on the SX6 in the ®rst attempt.However, the vectorizationappeargo involve
only theinnermostof a triply nestedoop ( , , and -directionsfor a 3D evolution). The resultingeffective vector
lengthfor the codeis directly relatedto the -extentof thecomputationagrid.



The BenchBSSNkernelwas more dif®cult to port. The size of theinnerloop for two loop nestswastoo large
for the o w analysisof the automaticvectorizationsystem.Useof explicit vectorizationdirectiveswasunsuccessful.
Diagnosticcompiler messageidicatedincorrectly that somescalartemporariecausedan inter-loop dependeng
However, the SX6 hasno directive to inform the compilerthat scalarvariablesare dependence-fre€lo circumwent
this issue,we cornvertedthesetemporaryscalarsinto 1D vectorsof length equalto the -extentof the grid. This
increasedhe memoryfootprint of the codeconsiderablybut allowedthe compilerto vectorizethe codeimmediately

6.3 PerformanceResults

Table8 presentserialperformanceaesultsfor BenchADMandBenchBSSNn M ops/s. For BenchADM, the stan-
dardbenchmarlgrid of size80 80 80 producedresultsthat were only 25% of peak. Increasingthe grid sizeto
128 128 128doubledAVL andnearly doubledthe performanceof the benchmarkachiering 4.4 G ops/s with a
VOR of almost100%. Variousexperimentswith differentoptimizationoptions,suchasmoreradicalexpressiorreor
ganization-C hopt ) orinter-procedurahnalysisfailedto deliver anoticeabldoostin performanceTo date,SX6's
55% of peakperformancas the bestachieved for this benchmarkon ary currentcomputerarchitecture.ln fact, the
SX6 uni-processoperformancavasaremarkablel 29X (14X) betterthanthe Paver3's (Power4's).

Problem Pover3 | Pawverd SX6
Code Size M ops/s | Mops/s | M ops/s | AVL | VOR
BenchADM | 128 128 128 34 316 4400 127 | 99.7%
BenchBSSN| 128 128 64 186 1168 2350 128 | 99.3%
80 80 40 209 547 1765 80 | 99.0%
40 40 20 249 722 852 40 | 98.4%

Table8: Serialperformancef the CactusBenchADMandBenchBSSNernels

The SX6 performancefor BenchBSSNwas considerablower thanfor BenchADM, dueto the extra level of
indirectionemployedto forcethecodeto vectorize Additionally, thelargenumberof conditionalstatementemployed
in theinnerloop, althoughbene®ciafor microprocessebasedrchitecturesjegradessectorperformanceNoticethe
strongcorrelationbetweenAVL andSX6 performanceshoving theimportanceof makingthevectorlengthsasclose
to the maximumaspossible(256 words). Table8 shawvs thatfor the80 80 40 problemsize,the SX6 outperformed
thePaver3andPower4by factorsof 8.4 and3.2,respectiely.

7 PlasmaFusion: TLBE

Lattice Boltzmannmethodsprovide a mesoscopiaescriptionof the transportfpropertiesof physicalsystemsausinga
linearizedBoltzmannequation.They offer an ef®cientway to modelturbulenceandcollisionsin a uid. The TLBE
application[20] performsa2D simulationof high-temperaturplasmausingahexagonalatticeandthe BGK collision
operator Figure3 shovs anexampleof vorticity contoursin the 2D decayof shearturbulencesimulatedoy TLBE.

7.1 Methodology

The TLBE simulationhasthreecomputationallydemandingcomponentscomputatiorof the meanmacroscopiwari-
ables(integration);relaxationof the macroscopiwariablesafter colliding (collision); andpropagatiorof the macro-
scopicvariablesto neighboringgrid points(stream).The®rst two stepsare oating-point intensve, thethird consists
of datamovementonly. The problemis ideally suitedfor vectorarchitectures.The ®rst two stepsare completely
vectorizablesincethe computatiorfor eachgrid pointis purelylocal. Thethird stepconsistf a setof stridedcopy
operationsln addition,distributing the grid via a 2D decompositioreasilyparallelizeshemethod. The®rst two steps
requireno communicationwhile the third hasa regular, staticcommunicatiorpatternin which the boundaryalues
of themacroscopiwariablesareexchanged.



Figure3: TLBE simulatedvorticity contoursin the 2D decayof shearturbulence.

7.2 Porting Details

After initial pro®ling onthe SX6 usingbasicvectorizationcompileroptions(-C vopt ), apoorresultof 280M ops/s
wasachievedfor asmall64 64 grid usinga serialversionof thecode.ftrace  shavedthatVOR washigh (95%)
andthatthe collision stepdominatedhe executiontime (96% of total); however, AVL wasonly about6. We found
thattheinnerloop overthe numberof directionsin the hexagonallattice hadbeenvectorized put not aloop over one
of thegrid dimensionslnvoking the mostaggressie compiler ag (-C hopt ) did not help.

Therefore we rewrote the collision routine by creatingtemporaryvectors,andinvertedthe orderof two loopsto
ensurevectorizationoveronedimensionof thegrid. As aresult,serialperformancémprovedby afactorof 7, andthe
parallel TLBE versionwascreatedy insertingthe new collisionroutineinto the MPI versionof the code.

7.3 PerformanceResults

Parallel TLBE performanceausinga productiongrid of 2048 2048is presentedn Table9. The SX6 resultsshav
that TLBE achievesalmostperfectvectorizationin termsof AVL andVOR. The2- and4-processorunsshaw similar
performancestheserialversion;however, anappreciablelegradations obsenedwhenrunning8 MPI taskswhich
is mostlikely dueto network contentionin the SMP.

Pover3 | Poverd SX6

Mops/s | Mops/s | Mops/s | AVL | VOR
1 70 250 4060 | 256 | 99.5%
2 110 300 4060 256 | 99.5%
4 110 310 3920 256 | 99.5%
8 110 470 3050 255 | 99.2%
16 110 460
32 440

Table9: Perprocessoperformancesf TLBE ona2048 2048grid

For both the Paver3 and Pawer4 architecturesthe collision routine rewritten for the SX6 performedsomavhat
betterthanthe original. In boththe Power3/4,parallel TLBE shavedhigherM ops/s (per CPU) comparedwith the
serialversion. This is dueto the useof smallergrids per processoin the parallelcase resultingin improved cache
reuse.Themorecomplex behaior onthePawer4is dueto thecompetitve effectsof thethree-level cachestructureand
saturatiorof the SMP memorybandwidth.In summaryusingall 8 CPUson the SX6 givesanaggreyateperformance
of 24.4G ops/s (38%of peak),andaspeedumf 27.7Xand6.5X overthe Paver3/4,with minimal portingoverhead.



8 Materials Science:PARATEC

PARATEC (PARAllel Total Enegy Code)[5] performs®rst-principlesquantummechanicatotal enegy calculations
using pseudopotentiadnda planewave basisset. The approachs basedon Density FunctionalTheory (DFT) that
hasbecomethe standardechniquein materialsscienceto calculateaccuratelythe structuraland electronicproper
tiesof new materialswith a full quantummechanicatreatmenbf the electrons.CodesperformingDFT calculations
areamongthelargestconsumer®f computercyclesin centersaroundtheworld, with the plane-wave pseudopotential
approactbeingthe mostcommonlyused.Both experimentabndtheorygroupsusethesetypesof codego studyprop-
ertiessuchasstrength cohesiongrowth, catalysismagnetic optical,andtransportfor materialsik e nanostructures,
comple surfacesdopedsemiconductorsandothers.

8.1 Methodology

PARATEC usesan all-bandconjugategradient(CG) approacho solve the Kohn-Shamequationsof DFT to obtain
the wavefunctionsof the electrons.Part of the calculationds carriedout in real spaceandthe remaindefin Fourier
spaceusing specializedparallel 3D FFTsto transformthe wavefunctions. The code spendsmost of its time (over
80% for alarge system)in vendorsuppliedBLAS3 and 1D FFTson which the 3D FFTsarebuilt. For this reason,
PARATEC generallyobtainsa high percentag®ef peakperformanceon differentplatforms. The codeexploits ®ne-
grainedparallelismby dividing the planewave componentgor eachelectronamongthe differentprocessorsFor a
review of this approactwith applicationssee[14, 17].

8.2 Porting Detalls

PARATEC, anMPI codedesignedrimarily for massiely parallelsystemsalsorunson serialmachinesSincemuch
of thecomputatiorinvolvesvendorsuppliedFFTsandBLAS3, anef®cientvectorimplementatiorof the coderequires
theselibrariesto vectorizewell. While the BLAS3 routinesarewell vectorizedon the SX6, the standard-FTs(e.g.,
ZFFT) runatalow percentagef peak.lt is thusnecessaryo usethe simultaneoud D FFTs(e.g.,ZFFTS) to obtain
goodvectorization.A smallamountof coderewriting wasrequiredto corvertthe 3D FFT routinesto simultaneous
(“multiple”) 1D FFT calls.

8.3 PerformanceResults

Theresultsin Table 10 showv scalingtestsof a 250 Si-atombulk systemfor a standard_DA run of PARATEC with
a 25 Ry cut-off usingnorm-conservingpseudopotentialThe runsarefor threeCG stepsof theiterative eigensoler,
andincludethe set-upandl/O stepsnecessaryo runthecode.

Pover3 | Pawverd SX6

Mops/s | Mops/s | Mops/s | AVL | VOR
1 915 2290 5090 113 | 98%
2 915 2250 4980 112 | 98%
4 920 2210 4700 112 | 98%
8 911 2085 4220 112 | 98%
16 840 1572
32 1327

Table10: Perprocessoperformancef PARATEC ona 250 Si-atombulk system

Resultsshav that PARATEC vectorizeswell andachieses64% of peakon oneprocessonf the SX6. The AVL
is approximatelyhalf the vectorregisterlength,but with a high fraction of VOR. This is becausenostof thetime is
spentin 3D FFTsandBLAS3. Thelossin scalabilityto 8 processorg53% of peak)are due primarily to memory
contentionandinitial codeset-up(including I/0) thatdo not scalewell. Performancéncreasesvith larger problem
sizesandmore CG steps:for example,running432 Si-atomsystemgfor 20 CG stepsachiered 73% of peakon one
processar
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Figure4: Sectionalviews of the OVERFLOW-D testgrid systemandthe computedvorticity magnitudecontours.

PARATEC runsef®ciently onthe Paver3;the FFT andBLAS3 routinesarehighly optimizedfor thisarchitecture.
Thecoderanat61%of peakonasingleprocessoandanestimables6%on 16 processorsLargerphysicalsystems—
432Si atoms—rarat 1.02G ops/s (68% of peak)on 16 processorsOn the Pover4, PARATEC runsata muchlower
fraction of peak(44% on oneprocessorjlueto its relatively poor ratio of memorybandwidthto peakperformance.
Nonethelessthe Paver4 32-processoBMP nodeachieseshigh total performanceexceedingthat of the 8-processor
SX6 node.We concludethat, dueto the high computationalntensityanduseof optimizednumericallibraries,these
typesof codesrun ef®ciently on both scalarandvectormachineswithout the needfor signi®cantcoderestructuring.

9 Fluid Dynamics: OVERFLOW-D

OVERFLOW-D [21] is an oversetgrid methodology{11] for viscous o w simulationsaroundaerospaceon®gura-
tions. Theapplicationcanhandlecomplex designswvith multiple geometriccomponentswhereindividual body-®tted
grids areeasilyconstructecabouteachcomponent OVERFLOW-D is designedo simplify the modelingof compo-
nentsin relative motion (dynamicgrid systems).At eachtime step,the o w equationsare solved independentlyon
eachgrid (“block”) in asequentiamanner Boundaryvaluesin grid overlapregionsareupdatecbeforeeachtime step,
usinga ChimerainterpolationprocedureThe codeuses®nite differencesn spaceandimplicit/explicit time stepping.

9.1 Methodology

The MPI versionof OVERFLOW-D (in F90)is basedon the multi-block featureof the sequentiatode,which offers
naturalcoarse-graimarallelism.The sequentiatodeconsistsof anouter“time-loop” andaninner“grid-loop”. The
inter-grid boundaryupdatesn the serialversionareperformedsuccessiely. To facilitateparallelexecution,gridsare
clusterednto groups;oneMPI procesds thenassignedo eachgroup. The grid-loopin the parallelimplementation
containgwo levels,aloop over groups(“group-loop”) andaloop overthegridswithin eachgroup. Thegroup-loopis
performedn parallel,with eachgroupperformingits own sequentiagrid-loop andinter-grid updates.Theinter-grid
boundaryupdatesacrosghegroupsareachiezedvia MPI.

Thehybrid paradignm[12] exploits a secondevel of parallelismusingOpenMPwhereexplicit compilerdirectives
areinsertedat theloop level. Thetime-loopin the hybrid approactis similar to the pure MPI case.Only the grid-
loop, which containghe computationallyintensve partof the code,is multithreadedy OpenMP Currently the same
numberof threadsarespavnedper MPI processthetotal numberof processorsisedin thehybrid codeis the product
of thenumberof spavnedOpenMPthreadsandthe numberof MPI processes.
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9.2 Porting Detalls

Both the MPI and hybrid implementation®f OVERFLOW-D are basedon the sequentialersion,the organization
of which was designedo exploit vectormachines.The samebasiccodestructureis usedon both the Pover4 and
the SX6, exceptfor the LU-SGSlinear solver that requiredsigni®cantmodi®cationsto enhanceef®ciengy. On the
Pawver4, a pipeline [12] stratgy was implementedwhile on the SX6, a hyperplanealgorithm was used. These
changesveredictatedby the datadependencieimheritedby the solutionprocessandtake advantageof the cacheand
vectorarchitecturerespectiely. A few otherminor changesverealsomadein somesubroutinesn aneffort to meet
the speci®cMPI/OpenMPcompilerrequirements.

9.3 PerformanceResults

Our experimentsinvolve a Navier-Stokes simulationof vortex dynamicsin the complex wake o w region around
hovering rotors. The grid systemconsistedof 41 blocks and 8 million grid points. Figure 4 presentsa sectional
view of thetestapplicationgrid andthe computedvorticity magnitutecontoursof the ®nal solution. Table11 shovs
executiontimes(averagedver 10 time steps)on the Pover4andSX6; Pover3resultsarecurrentlyunavailable. The
hybrid runswith one OpenMPthreadandthe pureMPI runswith the samenumberof processeareconceptuallythe
samehowever, dueto procedurabifferencesthey have differenttimings.

MPI | OpenMP | Paradigm| Pover4 SX6
Tasks| Threads sec | sec| AVL | VOR
2 2 — MPI 15.8 55| 87 80%
2 2 1 Hybrid 18.2 56| 84 77%
4 4 — MPI 8.5 28| 84 76%
4 4 1 Hybrid 10.1 28| 83 71%
4 2 2 Hybrid 10.5 36| — —
8 8 — MPI 4.3 1.6| 79 69%
8 8 1 Hybrid 6.0 16| 76 62%
8 2 4 Hybrid 5.9 25| — —
8 4 2 Hybrid 6.2 18| — —
16 16 — MPI 3.7
16 16 1 Hybrid 4.5
16 4 4 Hybrid 3.7
32 32 — MPI 3.4
32 32 1 Hybrid 2.8
32 8 4 Hybrid 2.7

Table11: MPI andhybrid performancef OVERFLOW-D on a8 million-grid point problem

Resultsshawv thatthe SX6 outperformghe Paver4for boththemessage-passirmmndhybrid paradigmsRuntimes
for 8 processoren the SX6 areroughly comparablégo the 32-processoPower4 numbers.Scalabilityis similar for
botharchitectureswith computationaéf®ciengy decreasindor alargernumberof MPI tasks,dueto loadimbalance.
OntheSX6,therelatively smallAVL andlimited VOR explainwhy thecodeachievesamaximumof only 1.9G ops/s
on 8 processorsReoganizingOVERFLOW-D would achiese highervectorperformancehowever, extensive effort
would berequiredto modify this productioncode.

In generalthe hybrid implementatiorrequiresmore programmeteffort but performsonly negligibly betterthan
the MPI versionin somecases Similarly, runswith largernumbersof threadsappeato belessef®cientfor thesame
total numberof processorsHowever, the hybrid paradigmfor oversetgrid applicationss appropriatevhenthetotal
numberof processorss closeto or largerthanthe numberof blocks,whenloadbalancings dif®cult [12].
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Figure5: Electrostatigpotential uctuations of microturtulencein magneticallycon®nedplasmasuisingGTC.

10 Magnetic Fusion: GTC

The goal of magneticfusion is the constructionand operationof a burning plasmapower plant producingclean
enegy. The performanceof sucha device is determinedby the rate at which the eneny is transportedut of the
hot coreto the colderedgeof the plasma. The Gyrokinetic Toroidal Code(GTC) [16] wasdevelopedto studythe
dominantmechanisnior this transportof thermalenegy, namelyplasmamicroturtulence.Plasmaurbulenceis best
simulatedby particle codes,in which all the nonlinearitiesare naturallyincluded. Figure5 presentsa visualization
of electrostatigpotential uctuationsin a global nonlineargyrokineticsimulationof microturkulencein magnetically
con®nedplasmas.

10.1 Methodology

GTC solvesthe gyroaveragedviasov-Poisson(gyrokinetic) systemof equationg15]) usingthe particle-in-cellap-
proach. Insteadof interactingwith eachother, the simulatedparticlesinteractwith a self-consistenelectrostaticor
electromagneti®eld describedon a grid. Numerically the PIC methodscalesas , insteadof  asin the case
of directbinaryinteractions.Also, the equationsof motionfor the particlesare simple ODEs(ratherthannonlinear
PDEs),andcanbesolvedeasily(e.g.Runge-Kitta). The maintasksat eachtime stepare: depositthe chage of each
particleatthe nearesyrid points(scatter);solve the Poissorequationto getthe potentialat eachgrid point; calculate
the force actingon eachparticlefrom the potentialat the nearesgrid points(gather);move the particlesby solving
the equation®f motion; ®nd the particlesthathave movedoutsidetheir local domainandmigratethemaccordingly
The parallelversionof GTC performswell on massve superscalasystemssincethe Poissorequationis solved
asa local operation. The key performancebottleneckis the scatteroperation,a loop over the array containingthe
positionof eachparticle.Basedon a particle's position,we ®nd the nearesgrid pointssurroundingt andassigreach
of thema fraction of its chage proportionalto the separatiordistance.Thesechage fractionsarethenaccumulated
in anotherarray The scatteralgorithmin GTC is complicatedby the factthatthesearefastgyratingparticleswhere
motionis describedy chagedringsbeingtracked by their guiding center(the centerof the circularmotion).

10.2 Porting Details

GTC's scatterphasepresentedomechallengesvhenporting the codeto the SX6 architecture.lt is dif®cult to im-
plementef®ciently dueto its non-sequentialvrites to memory The particle arrayis accessedequentially but its
entriescorrespondo randomlocationsin the simulationspace.As aresult,the grid arrayaccumulatinghe chages
is accesseth randomfashion resultingin poor cacheperformance This problemis exacerbatean vectorarchitec-
tures,sincemary particlesdepositchagesat the samegrid point, causinga classicmemorydependencproblemand
preventingvectorization We avoid thesememorycon icts by usingtemporaryarraysof vectorlength(256 words)to
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accumulatehe chages. Oncetheloop is completedthe informationin the temporaryarrayis memgedwith thereal
chagedata;however, this increasesnemorytrai®c andreduceshe op/byte ratio.

Anothersourceof performancealegradationwasa shortinnerloop locatedinsidetwo large particleloopsthe SX6
compiler could not vectorize. This problemwas solved by insertinga vectorizationdirective, fusing the inner and
outerloops.Finally, I/0 within themainloop hadto beremaovedin orderto allow vectorization.

10.3 PerformanceResults

Table 12 shaws the resultsof single-processoGTC runs. Only the serial versionhasbeenvectorizedat this time;

however, recentresultsdemonstratéhat GTC scaleswell on massiely parallelarchitecturesThe simulationin this

studycomprisest million particlesand301,472grid points. The geometryis atorusdescribedy the con®guratiorof
themagnetic®eld. The Paver3sustainsl74M ops/s (12% of peak),while the 304M ops/s achievedonthe Paver4
represent®nly 6% of its peakperformance.The SX6 experimentrunsat 716 M ops/s, or only 9% of it theoretical
peak. This poor performanceds unexpectedconsideringherelatively high AVL (180)andVOR (97%). We believe

thisis becausehe scalarunits needto computethe indicesfor the scatter/gatheof the underlyingunstructuredyrid.

However, the SX6 still outperformshe Power3/4by factorsof 2.7 and5.3, respectiely.

| Power3 | Pawer4 | SX6 |
Mops/s | Mops/s | Mops/s | AVL | VOR
174 304 716 180 | 97%

Table12: Serialperformancef GTC on a4-million-particlesimulation

11 Molecular Dynamics: Mindy

Mindy is asimpli®edserialmoleculadynamicg§MD) C++code derivedfrom theparallelMD programNAMD” [3].
Theenegetics time integration,and®le formatsareidenticalto thoseusedby NAMD.

11.1 Methodology

Mindy's coreis the calculationof forcesbetween atomsvia the Particle MeshEwald (PME) algorithm. Its
compleity is reducedo by dividing the probleminto boxes,andthencomputingelectrostatiénteraction
in aggreyateby consideringheighboringooxes.Neighborlists andavarietyof cutoffs areusedto decreaséherequired
numberof force computations.

11.2 Porting Details

ModernMD codessuchasMindy presentspecialchallengedor vectorizationsincemary optimizationandscaling
methodologiesare at oddswith the ow of datasuitablefor vectorarchitectures.The reductionof oating point
work from to is accomplishedt the costof increasedranchcompleity nonuniformdataaccessThese
techniqueshave a deleteriouseffect on vectorization;two stratejies were thereforeadoptedto optimize Mindy on
the SX6. The ®rst severely decreasethe numberof conditionsandexclusionsin theinnerloops,resultingin more
computatioroverall, but lessinnerloop branching We referto this stratgly asNO_EXCL.

The secondapproachwas to divide the electrostaticcomputationinto two steps. First, the neighborlists and
distancesrechecledfor exclusions andatemporanfist of interatomforcesto be computeds generatedTheforce
computationgrethenperformedonthislist in avectorizabldoop. Extramemoryis requiredfor thetemporariesand,
asaresult,the op/byte ratiois reduced.This schemas labeledBUILD _TEMP.

Mindy usesC++ objectsextensiely, hinderingthe compilerto identify data-parallecodesegments. Aggregate
datatypesall membeifunctionsin theforcecomputationwhichimpedevectorization Compilerdirectiveswereused
to specifythatcertaincodesectionsontainno dependenciesllowing partialvectorizationof thoseregions.
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Figure6: TheapolipoproteinA-1 moleculea92224-atonsystemsimulatedoy Mindy.

11.3 PerformanceResults

The casestudiedhereis the apolipoproteinA-l (seeFigure 6), a 92224-atomsystemimportantin cardiacblood
chemistrythat hasbeenadoptedas a benchmarlfor large scaleMD simulationson biological systems. Table 13
presentperformanceaesultsof the serialMindy algorithm. Neitherof the two SX6 optimizationstratgiesachieves
high performance . The NO_EXCL approachresultsin a very smallVOR, meaningthatalmostall the computations
areperformedon the scalarunit. The BUILD _-TEMP approachncreased/OR, but incursthe overheadof increased
memorytraf®c for storingtemporaryarrays.In generalthisclassof applicationss atoddswith vectorizatiordueto the
irregularly structurechatureof thecodes.The SX6 achiezesonly 165M ops/s, or 2% of peak,slightly outperforming
the Pawer3 andtrailing the Paver4 by abouta factorof two in runtime. Effectively utilizing the SX6 would likely
requireextensiereengineeringf boththealgorithmandthecode.

Power3 || Pover4d SX6: NQEXCL SX6: BUILD _TEMP
sec sec sec | AVL | VOR | sec | AVL [ VOR

[[157 || 7.8 [ 19.7] 78 [ 0.03%] 16.1] 134 | 34.8%]

Table13: Serialperformancef Mindy ona 92224-atonsystemwith two differentSX6 optimizationapproaches

12 Summary and Conclusions

This paperpresentedhe performanceof the NEC SX6 vector processotand comparedt againstthe cache-based
IBM Power3/4 superscalagarchitectureacrossa wide spectrumof scienti®c computations. Resultswith a set of
microbenchmarkslemonstratethat for low-level programcharacteristicsthe specializedSX6 vectorhardwaresig-
ni®cantly outperformsthe commodity-baseduperscaladesignsof the Pover3andPower4. Next we examinedthe
NPBs, a well-understoodset of kernelsrepresentingey areasin scienti®ccomputations.Thesecompactcodesal-
lowed usto performthe threemain variationsof vectorizationtuning: compiler ags, compilerdirectives,andactual
codemodi®cations.Resultsenabledusto identify classe®f applicationsothat oddswith andwell suitedfor vector
architectureswith performanceangingfrom 5% to 50%of peak.

Severalapplicationsrom key scienti®ccomputingdomainswverethenevaluated.Table14 summarizesherelative
performanceesults.Sincemostmoderrscienti®ccodesaredesignedor (super)scalasystemsye examinedtheeffort
requiredto port theseapplicationgto the vectorarchitecture.Resultsshav thatthe SX6 achieveshigh performance
for alargefraction of our applicationsuiteandin mary casessigni®cantlyoutperformghe scalararchitecturesThe
computationallyintensive CactusBenchADM code shawved the bestvector performanceachieving a 129X (14X)
improvementoverthe Pover3(Power4),while only requiringrecompilationon the SX6.
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Lines | Power3 | Poverd | SX6 SX6 Speedupys.

Name Discipline of Code| % Pk %Pk | % Pk Pawver3 | Pover4
Cactus-ADM Astrophysics 1200 2.3 6.1 55.0 | 1 129 13.9
Cactus-BSSN Astrophysics 8200 13.9 10.5 221 |1 8.4 3.2
TLBE Plasmarusion 1500 7.3 9.0 38.1| 8 27.8 6.5
PARATEC MaterialsScience | 50000 60.7 40.1 528 | 8 4.6 2.0
OVERFLOW-D Fluid Dynamics 100000 — 10.1 243 | 8 — 3.7
GTC MagneticFusion 5000 11.6 5.9 90 | 1 5.3 2.7
Mindy MolecularDynamics| 11900 6.3 4.7 21 | 1 1.0 0.5

Table14: Summaryoverview of applicationsuiteperformance

Therestof our applicationsrequiredthe insertionof compilerdirectivesand/orminor codemodi®cationsto im-
provethetwo critical component®f effective vectorizationlong vectorlengthandhigh vectoroperatiorratio. Vector
optimizationstratgiesincludedloop fusion (andloop reordering)to improve vectorlength; introductionof tempo-
rary variablesto breakloop dependencieghoth realandcompilerimagined);reductionof conditionalbranchesand
alternatve algorithmic approaches.For codessuchas CactusBenchBSSNand TLBE, minor code changesvere
suf®cient to achieve good vector performanceand a high percentagef theoreticalpeak. PARATEC representec
classof applicationsrelying heavily on highly optimizedBLAS3 libraries. For thesetypesof codes,all threearchi-
tecturesperformedvery well dueto the regularly structured computationallyintensive natureof the algorithm. For
OVERFLOW-D, we comparedybrid programmingwith a puremessage-passingnplementationandshovedonly a
mauginal performancemprovementoverthe MPI versionat the costof higherprogrammingcomplexity.

Finally, we presentedwo applicationswith poor vector performance:GTC and Mindy. They featureindirect
addressingmary conditionalbranchesandloop carrieddata-dependenciesjaking high vector performancechal-
lenging. This wasespeciallytrue for Mindy, whoseuseof C++ objectsmadeit dif®cult for the compilerto identify
data-paralleloops. Effectively utilizing the SX6 would likely requireextensive reengineeringf both the algorithm
andtheimplementatiorfor theseapplications.
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